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MŠntysaari, Mueller, FS , Schenke.  Phys.Rev.Lett.!124!(2020)!11,!112301

Inclusive prompt photon + hadron/jet (work in progress with KolbŽ, Roy, Schenke, Venugopalan ) 
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Dijet and dihadron studies at small-x

Dijet azimuthal 
asymmetries

Dihadron back-to-
back suppression

Dumitru, Skokov, Ullrich. Phys. Rev. C 99, 015204 (2019) 

Zheng, Aschenauer, Lee, Xiao. Phys. Rev. D 89, 074037 (2014) 

Weizsacker - Williams!gluon 
TMD (linearly polarized)

Gluon saturation



Inclusive dijets in ep-eA"
collinear pQCD, TMDs and CGC
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Inclusive dijet production from collinear pQCD
Two channels: quark initiated vs gluon initiated

QCD Compton scattering

! !

p1

p2
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l

~ quark PDF

Photon-gluon fusion
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~ gluon PDF

dominant channel at small-x

4



Inclusive dijet production from CGC
The dipole picture: Multiple scattering and Wilson line correlators
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Dense gluon Þeld needs resummation of multiple gluon interactionsAcl ! 1/g
<latexit sha1_base64="QMNtnPX4YxI3mONg6+PloKpnxOQ="></latexit>

E#ective 
vertex

Light-like Wilson line:
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l ! q
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q x 1
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Wilson line structure:

quadrupole dipoles
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For exclusive dijet see YoshitakaÕs talk W 9:30
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McLerran, Venugopalan. Phys.Rev.D!49!(1994)!2233-2241"
Phys.Rev.D!49!(1994)!3352-3355



Inclusive dijet production from CGC
CGC and TMD at Leading Order

TMD limit (back-to-back correlation limit) ! " # P"

2P!
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multi-gluon correlator 
(quadrupole+dipole)

For general  and : ! " P"

! ! /P !
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Qs/P !
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Re-sum contributions: 

kinematic twist (iTMD)

genuine saturation twist

p1,!
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p2,!
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2P !
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momentum imbalance

~ half the relative 
momenta

! ! = p1,! + p2,!
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P ! = z2p! ,1 ! z1p! ,2
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Qs
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saturation scale implicitly"
in the Wilson line correlators
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! )x
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longitudinal momentum light-cone fractions

unpolarized WW gluon TMD

d! ! ! A ! qøq ! H (P" )" sxG(! " , x)
<latexit sha1_base64="rzj+eLIiZXKsOXMXQClL8YSTJb4="></latexit>

linearly polarized WW 
gluon TMD

+ H 2(P! )! sxh(! ! , x) cos(2" P ! )
<latexit sha1_base64="RmVddknhXfsdG3RsQFN4fgjB8Vw="></latexit>

For iTMD see PiotrÕs talk W 11:40
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Altinoluk, Boussarie, Kotko. JHEP!05!(2019)!156

Boussarie, Mehtar-Tani. 2001.06449

Altinoluk, Boussarie. JHEP!10!(2019)!208

Dumitru, Skokov. Phys.Rev.D!94!(2016)!1,!014030

Dominguez, Marquet, Xiao, Yuan. Phys.Rev.D!83!(2011)!



Beyond the TMD factorization:
Dijets and CGC Multi-gluon correlations
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Setup for dijet production from CGC

Kinematics:

xg =
Q2 + M 2

inv + ! 2

W 2
<latexit sha1_base64="oEO0gjkfxbGeV4ur6FTW4DJRxWA="></latexit>

M 2
inv =

P2
!

z1z2
<latexit sha1_base64="YhR471cIRKNuGTmG2LwGISXOWiU="></latexit>

Correlators and small-x evolution:

Azimuthal angle correlations:

Non-linear Gaussian approximation for the quadrupole and WW gluon TMD

Small-x evolution of dipole by rcBK with MV initial conditions

W = 90 GeV
<latexit sha1_base64="qDjkxtByNGgxvgrMqwgWnNFhDe0=">AAACQnicbVDLSgMxFM3U9/iqSldugkVwVWaqoC4E0YUuK9hW6Awlk97WYCYzJHfEMvRj3Opv+BP+gjtx68K0dmFbDwQO575OTpRKYdDz3p3C3PzC4tLyiru6tr6xWdzabpgk0xzqPJGJvouYASkU1FGghLtUA4sjCc3o4XJYbz6CNiJRt9hPIYxZT4mu4Ayt1C6WmvSMBjHDex3npx4N6BU0Bu1i2at4I9BZ4o9JmYxRa285paCT8CwGhVwyY1q+l2KYM42CSxi4QWYgZfyB9aBlqWIxmDAf+R/Qfat0aDfR9imkI/XvRM5iY/pxZDuHTs10bSj+V2tl2D0Jc6HSDEHx30PdTFJM6DAM2hEaOMq+JYxrYb1Sfs8042gjm7gy2p0Cn/hJ/pQpwZMOTKkSn1Czgeu6Nkh/OrZZ0qhW/MNK9eaofH4xjnSZ7JI9ckB8ckzOyTWpkTrhJCfP5IW8Om/Oh/PpfP22FpzxzA6ZgPP9A963rxY=</latexit>

Q2 = 10 GeV2
<latexit sha1_base64="5x2pJP4/5xcUfqeryuA9r9Latvo="></latexit>

c.o.m. energy 

virtuality of photon probe

di-jet kinematics
0 GeV ! P! , ! ! ! 3 GeV

<latexit sha1_base64="GJi0iI4WjcZxvlJAMFycJG9YBX4="></latexit>

z1 = z2 = 0 .5
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d! ! ! A ! qøqX = d! ! ! A ! qøqX
0 + 2d! ! ! A ! qøqX

2 cos(2" P" ! " ) + ...
<latexit sha1_base64="VMURGV9cFrDK/HET3rvmuQRD6DA="></latexit>

isotropic elliptic anisotropy

relative elliptic anisotropy
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v2 = d! ! ! A ! qøqX
2

!
d! ! ! A ! qøqX

0
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S(4)
x 1 x 2 x !

2 x !
1
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x 1 x 2

<latexit sha1_base64="e/KmWDoh+qvX2xhBoChbErFv3Dg="></latexit> ! sxG(! ! , x)
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! sxh(! ! , x)
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Gaussian

Lappi, MŠntysaari. Phys. Rev. D 88, 114020 (2013)Balitsky. Phys.Rev.D!75!(2007)!014001

MŠntysaari, Mueller, FS , Schenke. Phys.Rev.Lett.!124!(2020)!11,!112301
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Dijet production: CGC vs TMD
Di!erential cross-section: d! ! ! A ! qøqX

0
<latexit sha1_base64="NB/7KuCBx1DflhgYXA9ZOsRAicU="></latexit>

Qs, ! ! ! P!
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Recall TMD factorizations holds for 

TMD
!

CGC ! 1
<latexit sha1_base64="4QhAozklkXLJot9knKpVxbB3vKw="></latexit>

SigniÞcant deviations from TMD for P! ! ! !
<latexit sha1_base64="65AnBbjENUUbwIYaRQxxN8/jYc0="></latexit>

Enhancement for nucleus: probing genuine 
twists              Qs

!
P!

<latexit sha1_base64="6DCqKoGFqESspphaUNyxeeHKo/M=">AAACP3icbVDLSgMxFM34dny1iis3wSK4qjNV0GXRjcsKVgttGTLpbQ1mMiG5Iy1Df8Wt/oaf4Re4E7fuTGsXtvVA4HDOfeXEWgqLQfDuLSwuLa+srq37G5tb2zuF4u6dTTPDoc5TmZpGzCxIoaCOAiU0tAGWxBLu48erkX//BMaKVN3iQEM7YT0luoIzdFJU2L2JLG3FokdPaC1qaTA6KpSCcjAGnSfhhJTIBLWo6O23OinPElDIJbO2GQYa2zkzKLiEod/KLGjGH1kPmo4qloBt5+Pjh/TIKR3aTY17CulY/duRs8TaQRK7yoThg531RuJ/XjPD7kU7F0pnCIr/LupmkmJKR0nQjjDAUQ4cYdwIdyvlD8wwji6vqS3j2Rr41E/yfqYETzswo0rso2FD3/ddkOFsbPPkrlIOT8uVm7NS9XIS6Ro5IIfkmITknFTJNamROuGkT57JC3n13rwP79P7+i1d8CY9e2QK3vcPGaKuQg==</latexit>
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For pA look at: Fujii, Marquet, Watanabe . 2006.16279

dashed line: gold nucleus (min bias)"
solid line: proton



Dijet production: CGC vs TMD
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Di!erential cross-section: d! ! ! A ! qøqX
0

<latexit sha1_base64="NB/7KuCBx1DflhgYXA9ZOsRAicU="></latexit>

TMD factorization: r ! , r "
! ! b! , b"

!
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? SigniÞcant di#erence between CGC and TMD even 
for jets that are almost back-to-back jets

Sensitivity to genuine twists            ?Qs
!

P!
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Dijet production: CGC vs TMD
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Relative elliptic anisotropy: v2 = d! ! ! A ! qøqX
2

!
d! ! ! A ! qøqX

0
<latexit sha1_base64="Y6BoppFsQSkFMl1N/KL1y6n71rE="></latexit>
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L + Au

<latexit sha1_base64="4UXbi7XxCq31AjjCjeKjpZ9/mMg="></latexit>

! !
T + Au

<latexit sha1_base64="Hj8muf/s2AiMxSzcmP83wygx18Y="></latexit>

Elliptic anisotropy signiÞcantly modiÞed at larger values of       and moderate values of      

*Note the di#erent signs in       for the two di#erent polarizations

P!
<latexit sha1_base64="oXs+dOWJpxuDYovMZUoBmY96BRc=">AAACMnicbVDLTgJBEJzFF64v0HjyspGYeCK7aKJHohePmMgjAUJmhwYmzM5OZnoNZMNHeNXf8Gf0Zrz6EQ6Pg4CVTFKp6p7urlAJbtD3P5zMxubW9k52193bPzg8yuWPayZONIMqi0WsGyE1ILiEKnIU0FAaaBQKqIfD+6lffwZteCyfcKygHdG+5D3OKFqpXum0FGjVyRX8oj+Dt06CBSmQBSqdvHPa6sYsiUAiE9SYZuArbKdUI2cCJm4rMaAoG9I+NC2VNALTTmf7TrwLq3S9Xqztk+jN1L8dKY2MGUehrYwoDsyqNxX/85oJ9m7bKZcqQZBsPqiXCA9jb3q81+UaGIqxJZRpbnf12IBqytBGtDRl9rcCtnRJOkokZ3EXVlSBI9R04rquDTJYjW2d1ErF4KpYerwulO8WkWbJGTknlyQgN6RMHkiFVAkjQ/JCXsmb8+58Ol/O97w04yx6TsgSnJ9fDB+qYw==</latexit>

! !
<latexit sha1_base64="wWESTZx9rIBSk/j3WuNJgpwshOQ=">AAACN3icbVDLSsNAFJ34rPHVKq7cBIvgqiQq6FLUhcsKthWaUCbT23ZwMhlmbsQS+htu9Tf8FFfuxK1/4DTtwlYPDBzOua85sRLcoO+/OwuLS8srq6U1d31jc2u7XNlpmjTTDBosFam+j6kBwSU0kKOAe6WBJrGAVvxwNfZbj6ANT+UdDhVECe1L3uOMopXC8BoE0k6oQKtOuerX/ALeXxJMSZVMUe9UnL2wm7IsAYlMUGPaga8wyqlGzgSM3DAzoCh7oH1oWyppAibKi6NH3qFVul4v1fZJ9Ar1d0dOE2OGSWwrE4oDM++Nxf+8doa98yjnUmUIkk0W9TLhYeqNE/C6XANDMbSEMs3trR4bUE0Z2pxmthSzFbCZn+RPmeQs7cKcKvAJNR25rmuDDOZj+0uax7XgpHZ8e1q9uJxGWiL75IAckYCckQtyQ+qkQRhR5Jm8kFfnzflwPp2vSemCM+3ZJTNwvn8AVb6siw==</latexit>

v2
<latexit sha1_base64="gDOHlw/yu/dVNxzvnaroHdYAgzY=">AAACN3icbVDLTsJAFJ36xPoCjSs3jcTEFWnRRJdENy4xkUcChEyHC0yYTpuZWwJp+htu9Tf8FFfujFv/wCmwEPAkk5yc+zpz/Ehwja77YW1sbm3v7Ob27P2Dw6PjfOGkrsNYMaixUISq6VMNgkuoIUcBzUgBDXwBDX/0kNUbY1Cah/IZpxF0AjqQvM8ZRSO12wHFoQqScdotd/NFt+TO4KwTb0GKZIFqt2CdtXshiwOQyATVuuW5EXYSqpAzAandjjVElI3oAFqGShqA7iQz06lzaZSe0w+VeRKdmfp3IqGB1tPAN52ZSb1ay8T/aq0Y+3edhMsoRpBsfqgfCwdDJ0vA6XEFDMXUEMoUN14dNqSKMjQ5LV2Z7Y6ALf0kmcSSs7AHK6rACSqa2rZtgvRWY1sn9XLJuy6Vn26KlftFpDlyTi7IFfHILamQR1IlNcJIRF7IK3mz3q1P68v6nrduWIuZU7IE6+cXptestw==</latexit>

p1,!
<latexit sha1_base64="iUIOSMAO5SfCz3Fa7ya+cxokTUs="></latexit>

p2,!
<latexit sha1_base64="red5L3jo3CI3W1WBYCWWIeN3J1U="></latexit>

! !
<latexit sha1_base64="CD0jlMYi2fXl7EzyWitC/1ygAJk="></latexit>

2P !
<latexit sha1_base64="/c9iVny3PFuYITNs4bJC/kms3aU="></latexit>

! P !
<latexit sha1_base64="Dkyld0Knq1DwRoPXshzpHhqEU98="></latexit>



Dijet production from CGC
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Inclusive vs di!ractive
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<latexit sha1_base64="AjA2YnNAQ9GF2uy9psNSiVSgGH4="></latexit>

Dijet di#ractive events enhanced for nucleus compared to proton and at smaller values of virtuality      Q2
<latexit sha1_base64="kZ/Q2OoR5b1MzcxyOH0q3wUzYeU="></latexit>

di#ractive $ ! ! + A ! qøq + X + gap
<latexit sha1_base64="r3IHOa+wrfs58ylSxaDwS8P9LUk="></latexit>



Dijet production at small-x (at NLO)
Evolution and impact factor

Real diagrams

! !

! !

+3 others

Virtual diagrams

+ 8 others

Cross section at NLO has 
 

contributions
32 ( = 4 %4 + 8 %2)

LO NLO

impact factor "
(not log enhanced)

log enhanced"
(part of LLx JIMWLK)

d! = d! (0) + " sd! (1) + O(" 2
s)

<latexit sha1_base64="M4FKNEavmpGzNVvGwa/7jTH9p3E="></latexit>

d! = d! (0) + ln(1 /x )H LO d! (0) + d! (1 ,IF) + O(" 2
s)

<latexit sha1_base64="MvajISLK0e4xlrUlWy+GtlH+bTE="></latexit>

Dijet studies include LLx JIMWLK/BK+Gaussian, but miss the 
impact factor

Roy, Venugopalan Phys. Rev. D 101, 034028 (2020)

Soft photon limit dijet+photon

dijet+photon NLO

recover dijet

Computing impact factor for dijet production will provide 
more theoretical predictive power 
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Incorporate fragmentation of 
the partonic results (e.g. Pythia)

Goal:  NLO+ NLLx   +  CGC correlations    +     fragmentation

What work must be done?

Compute NLO impact factor d! (1 ,IF)
<latexit sha1_base64="pKenGYXwr4IKU1P/OLVMzszZFxI="></latexit>

Numerical implementation of NLLx JIMWLK (BK 
available)

E$cient numerics for multi-gluon correlations 
(quadrupole in momentum space)

LO+ LLx JIMWLK       +  TMD factorization    +    fragmentation

LO+ rcBK/Gaussian  +  CGC correlators       +    (only partonic)

Dijet studies (not exhaustive list):

Dumitru, Skokov, Ullrich

 MŠntysaari, Mueller, FS , Schenke

 Zheng, Aschenauer, Lee, Xiao

Available dihadron studies (not exhaustive list):
LO+Sat+Sudakov     +    TMD factorization   +    hadronization

Theoretical/numerical studies of Dijets from CGC

14



Inclusive prompt photon + jet 
probing gluon saturation
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Inclusive prompt photon + jet from CGC at LO 

 ( work in progress with KolbŽ, Roy, Schenke, Venugopalan ) 

Start from dijet+photon"
and integrate anti-quark/jet

! !
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Direct and fragmentation contributions
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Computed the impact factor for 
parton+photon production at LO

small-x Feynman diagrams at LO in CGC

Fragmentation contribution from collinear 
singularity, includes both dipoles  and quadrupole

Could be interesting to Þnd the connection to 
TMDs in the back-to-back regime

Direct contribution (dominant for                )  
the leading contribution contains only dipoles

k! ,! ! Qs
<latexit sha1_base64="NBqexdd0UtgOzlJyXv1/tq8XyJE="></latexit>

d! ! ! + A ! q+ ! + X
LO

<latexit sha1_base64="bn/iBWGHRZ1dpISd7r5yMxXJJwY="></latexit>

For pA: Altinoluk, Boussarie, Marquet. JHEP!07!(2019)!079

Roy, Venugopalan. JHEP!05!(2018)!013
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<latexit sha1_base64="JzhFga2ZT2aDoW3NDbKut4mfy2Q="></latexit>

Azimuthal angle correlations in direct photon+jet (leading contribution)

Inclusive prompt photon + jet from CGC at LO 

ReA =
C(! ! q! )[eAu]
C(! ! q! )[ep]

<latexit sha1_base64="2dGTL29x1lmLYNqrCG8toii3zqw="></latexit>
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enhancement of                              for min-bias."Q2
s,Au = 2 .7Q2

s,p
<latexit sha1_base64="4qIT3KCqSNbWeZgid9nrAVkdMCw="></latexit>
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Gluon saturation e#ects are reduced as      is increasedQ2
<latexit sha1_base64="2J3ogW9wWVdPL+arfvyy2v5a+BU=">AAACLnicbVDLTgJBEJz1iesLNJ68bCQmnsgumuiR6MUjRHkkgGR2aGDC7OxmptdANnyCV/0Nv8bEg/HqZzgsHASsZJJKVfd0d/mR4Bpd99NaW9/Y3NrO7Ni7e/sHh9ncUU2HsWJQZaEIVcOnGgSXUEWOAhqRAhr4Aur+8G7q159BaR7KRxxH0A5oX/IeZxSN9FB5KnayebfgpnBWiTcneTJHuZOzTlrdkMUBSGSCat303AjbCVXImYCJ3Yo1RJQNaR+ahkoagG4n6a4T59woXacXKvMkOqn6tyOhgdbjwDeVAcWBXvam4n9eM8beTTvhMooRJJsN6sXCwdCZHu50uQKGYmwIZYqbXR02oIoyNPEsTEn/joAtXJKMYslZ2IUlVeAIFZ3Ytm2C9JZjWyW1YsG7LBQrV/nS7TzSDDklZ+SCeOSalMg9KZMqYaRPXsgrebPerQ/ry/qela5Z855jsgDr5xcXqKha</latexit>



Outlook

" Include jet fragmentation to our partonic ÒdijetÓ and ÒjetÓ+photon cross-
sections (e.g. Pythia). Reconstruct small      jets.

" Include NLO contributions, impact factor + evolution.

" Constrain dipole and quadrupole correlators from di#erent DIS processes at 
small-x (e.g. dijets, dijet+photon, jet+photon, trijets, etc).

p!
<latexit sha1_base64="nm6UVaxp1csfii7CZbMcig0f3ec=">AAACMnicbVDLTgJBEJzFF64v0HjyspGYeCK7aKJHohePmMgjAUJmhwYmzM5OZnoNZMNHeNXf8Gf0Zrz6EQ6Pg4CVTFKp6p7urlAJbtD3P5zMxubW9k52193bPzg8yuWPayZONIMqi0WsGyE1ILiEKnIU0FAaaBQKqIfD+6lffwZteCyfcKygHdG+5D3OKFqprjotBVp1cgW/6M/grZNgQQpkgUon75y2ujFLIpDIBDWmGfgK2ynVyJmAidtKDCjKhrQPTUsljcC009m+E+/CKl2vF2v7JHoz9W9HSiNjxlFoKyOKA7PqTcX/vGaCvdt2yqVKECSbD+olwsPYmx7vdbkGhmJsCWWa2109NqCaMrQRLU2Z/a2ALV2SjhLJWdyFFVXgCDWduK5rgwxWY1sntVIxuCqWHq8L5btFpFlyRs7JJQnIDSmTB1IhVcLIkLyQV/LmvDufzpfzPS/NOIueE7IE5+cXRd+qgw==</latexit>

" Does the CGC-TMD correspondence at small-x to all twist hold at NLO?

" Go beyond Gaussian and include JIMWLK evolution.
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Thank you."
"
             Any questions?


